To the best of our knowledge, the hybridization potential between the two closely related oyster species, Crassostrea sikamea and C. angulata, has yet to be reported. Moreover, hybrids obtained in most early experiments on oyster hybridization have been inadequately validated by genetic methods. In this study, a novel method based on high-resolution melting (HRM) analysis was used to visualize the coexistence of species-specific single nucleotide polymorphisms or insertion-deletion variations from both oyster species. Mitochondrial cytochrome c oxidase subunit I sequences were used to track the genetic material from a female to its descendants, while the nuclear genomic sequences of the first ribosomal internal transcribed spacer regions were used to track the genetic material from both parents and confirm hybrids of C. sikamea and C. angulata. Based on HRM analysis, bidirectional gametic compatibility between C. angulata and C. sikamea was successfully detected, although only several hundreds of larvae successfully hatched from tens of millions of C. angulata eggs inseminated by C. sikamea sperm, and the larvae were inviable. These results suggest the existence of bidirectional gametic compatibility between C. angulata and C. sikamea. Hybrids from C. sikamea eggs and C. angulata sperm showed higher growth rates and survival success during the swimming-larva stage, and may be potentially used for the genetic improvement of oyster aquaculture. This study provides a useful and reliable method for confirming hybrids in samples from either laboratory research or ecological field studies.
INTRODUCTION
The oceans harbour most of the phyletic diversity of animal life (May, 1994) . At the same time, it is hard to understand how the dispersal of marine animals can be restricted in the open marine system, leading to isolation and differentiation (Grosberg & Cunningham, 2001) . Therefore, how species diversification occurred and how species relationships have been maintained in the marine environment have long puzzled scientists (Sanford & Kelly, 2011) . For example, as many as 12 Crassostrea oyster species have been reported along the coast of China: C. gigas (Thu¨nberg, 1793), C. angulata (Lamarck, 1819), C. sikamea (Amemiya, 1928) , C. hongkongensis Lam & Morton, 2003 , C. ariakensis Fujita, 1913 , C. belcheri (Sowerby, 1871 , C. nippona (Seki, 1934) , C. vitrefacta (Sowerby, 1871), C. lugubris (Sowerby, 1871), C. paulucciae (Crosse, 1869), C. zhanjiangensis Wu, Xiao & Yu, 2013 and C. 'dianbaiensis' (Lam & Morton, 2003; Wang et al., 2006; Xu et al., 2009; Ren et al., 2010; Wu et al., 2012 Wu et al., , 2013 . In Crassostrea, nucleotide sequence data of the mitochondrial 16S rRNA and cytochrome c oxidase subunit I (COI) gene fragments (Hong, Sekino & Sato, 2012; Wang et al., 2013) , as well as of whole mitochondrial genomes (Ren et al., 2010; , suggest that C. sikamea is the closest relative of the clade composed of C. gigas and C. angulata. At the same time, the morphologically similar C. sikamea and C. angulata occur sympatrically along the coast of southern China (Xu et al., 2009; Wang et al., 2013) . However, the extent to which the genetic integrity and cohesion of Crassostrea species is maintained remains poorly understood. Field studies on individual species and their hybrids in the wild will help to improve our understanding in this field of research. Artificial hybridization is also necessary to evaluate genetic compatibility. Both types of studies require highly reliable species identification methods, because oysters are phenotypically plastic.
Several molecular identification methods for oysters have been established in recent decades and have facilitated the studies of oyster classification and hybridization. Restriction-fragment length polymorphism (RFLP) analysis is one of the most universally used methods for oyster species identification (Banks, product lengths of the ribosomal internal transcribed spacer (ITS) or other DNA fragments, have also been successfully used for identifying C. ariakensis, C. hongkongensis, C. sikamea and C. gigas (Wang & Guo, 2008b) . A third effective oyster identification method was recently developed to distinguish among the five common Crassostrea oysters of China. This approach is based on species-specific primers for the cytochrome c oxidase subunit I coding gene (COI) (Wang & Guo, 2008a) . These molecular techniques have confirmed that many oyster species can produce interspecific hybrids, although only hybrids between C. gigas and C. angulata appear to be able to survive to mature adulthood (Leita˜o et al., 2007) . The first and second ribosomal internal transcribed spacer regions (ITS1 and ITS2) have been used to show hybridization between C. ariakensis and C. sikamea (Xu et al., 2009) , and between C. gigas and C. hongkongensis (Zhang et al., 2012) . Similarly, the one-way hybridization between C. hongkongensis and C. ariakensis was confirmed by using RFLP of ITS2 (Huo et al., 2013) , while natural hybrids between C. gigas and C. sikamea have been detected with RFLP of ITS1 (Hong, Sekino & Sato, 2012) . Unfortunately, current molecular identification methods mainly rely on visualization by agarose gel electrophoresis, which limits the development of more workable species markers and decreases the accuracy of species identification. Hence, a more sensitive and reliable oyster identification method is urgently needed.
High-resolution melting (HRM) analysis can effectively detect SNPs (Reed & Wittwer, 2004) and has been proved to be an efficient, high-throughput genotyping and mutation-scanning method (Vossen et al., 2009) . Several studies have reported the successful identification of species using HRM, including some bacteria (Sˇimenc & Potocˇnik, 2011; Gurtler et al., 2012) and parasites (Ngui, Lim & Chua, 2012; Wongkamchai et al., 2013) . However, only a few studies have reported the use of HRM analysis for hybrid detection; a recent example is the confirmation of hybrids in pines (Ganopoulos et al., 2013) . In fact, several hybrid identification methods used in oyster studies, such as PCR-RFLP (Hedgecock et al., 1999; Ota et al., 2007) , are based on inherent SNP differences between different species and are therefore similar to HRM analysis. However, results from PCR-RFLP are visualized on agarose gel, which has a relatively low resolution. Thus, HRM analysis is a promising alternative for detecting SNPs, with the advantage that it visualizes results through HRM curves and can be used for larger sample sizes. Variations in insertiondeletion (indels) can further be treated as multiple nearby SNPs, thereby increasing the identification power of the method by increasing either the HRM genotyping significance or the reliability of distinguishing between two species.
In this study, we (1) report a novel method based on HRM analysis to visualize species-specific SNPs or indel variations and (2) successfully apply this method in an artificial hybridization study between C. sikamea and C. angulata.
MATERIAL AND METHODS

Animal preparation, insemination and larval culture
Sexually mature Crassostrea sikamea (S) were collected from Nantong, Jiangsu Province, China, while C. angulata (A) were collected from Putian, Fujian Province, China. Specimens were initially identified by shell morphology and cultured in the aquarium at the Institute of Oceanology, Chinese Academy of Sciences, Qingdao, China. Prior to the experiment, the shell surface of the oysters was cleaned. Gametes were then collected and inseminated, and muscles were fixed following the methods described in previous reports (Xu et al., 2009 (Xu et al., , 2011 . For each hybridization experiment, gametes from three females of a species were collected and pooled together, while gametes of three males of the species were also collected and pooled. Eggs were then divided into two equal groups for insemination with conspecific and allospecific sperm respectively. In this way, 2 Â 2 factorial crosses were conducted. Four crossing groups were produced: two intraspecific crosses, C. sikamea Â C. sikamea (SS) and C. angulata Â C. angulata (AA), and two interspecific crosses, C. sikamea Â C. angulata (SA) and C. angulata Â C. sikamea (AS), with female species listed first. Four replicates were conducted.
Eggs were inseminated in a 3-l bucket. Zygotes were incubated in a 60-l bucket at a density of 50 ml 21 without aeration. Larvae were cultured at a water temperature of 238C and salinity of 30 with aeration. The larval density was controlled to 20 ml 21 . The filtered seawater was changed every 2 d. Larvae were fed with Isochrysis galbana throughout the duration of indoor culture, and the density increased with time from 20,000 to 90,000 cells/ml per day.
Sampling, measurements and data analyses
The following data were recorded (Xu et al., 2009 (Xu et al., , 2011 : fertilization success, yield of D-stage larvae at 24 h from the total eggs (larval yield), larval amount, shell length and height of D-stage larvae 24 h post-fertilization (hpf), and larval amount and shell height on planktonic days 4, 7, 10, 13, 16, 19, 22 and 25 . A minimum of 100 eggs were inspected 60-90 min post-insemination using a light microscope to determine fertilization success. D-stage larvae 24 hpf, larvae on day 25 and spat, if any, were fixed with 95% ethanol for each crossing group for later genetic confirmation.
Data analysis was performed using R (R Core Team, 2013). The fertilization success and survival data were arcsinetransformed prior to analysis. The R function aov() was used for fitting a linear model of one-way ANOVA to test the influence significance of different mating combinations on fertilization success, larval yield, growth or survival. Tukey's HSD test provided by the statistics package was used to compare differences among groups.
Primer design and PCR amplification
Primers were designed for both COI and ITS1. COI primers were designed according to Wang et al. (2014) . In brief, all of the available COI sequences of C. sikamea and C. angulata were downloaded from NCBI (http://www.ncbi.nlm.nih.gov/). Sequence alignment was conducted using ClustalX (Larkin et al., 2007) . Divergent sites in the COI gene between the two species, at which multiple SNPs or indels exist, were manually searched. The nucleotide conservation within the species was evaluated for each position with WebLogo 3 (Crooks et al., 2004) . Primers were designed with Primer Premier v. 5.0 (Lalitha, 2000) for conserved flanking regions of the divergent sites. Primer pairs should had a length of 20-25 bp, theoretical melting temperatures (T m ) between 50 and 608C, and target amplicon lengths ranging from 40 to 100 bp. The following COI primers were used: 5 0 -TTT GACTGATCGTCATTTTA-3 0 (forward) and 5 0 -CAAAACAAA TGCTGAAATAA-3 0 (reverse). For ITS1 primers, the ITS1 sequences of the two Crassostrea oyster species were downloaded from NCBI and analysed using a process similar to that for COI. The following ITS1 primers were used: 5 0 -AGCGCCTTGGG CCGTCGAA-3 0 (forward) and 5 0 -TGTACTTAAGGCGACGG AGC-3 0 (reverse). The internal controls used in the experiment were two double-stranded fragments initially described by Michael (Seipp et al., 2007) ; however, no nucleotide blocking was applied to the 3 0 end of the internal control in the present study. All primers and controls were synthesized by Sangon Biotech (Shanghai, China).
A genomic DNA purification kit (Promega, Wisconsin, USA) was used to extract the whole genomic template DNA from the alcohol-fixed muscle of parents following the protocol recommended by the manufacturer. The integrity of genomic DNA was evaluated by agarose gel electrophoresis. The concentrations and OD 260 OD 280 21 values were estimated using a NanoDrop 2000 instrument (Thermo Scientific, USA). The larval and spat DNA were obtained by boiling. Individual larvae were isolated with a capillary under an anatomical lens while for spat a small tissue fragment was dissected. Afterward, individual larvae or spat tissue were added to 20 ml of ultrapure water and heated at 958C for 30 min. The mixture was then stored at -208C for later use as PCR template.
A PCR mix kit (TaKaRa, Dalian, China) was used for PCR amplification. The following PCR profile was applied to both COI and ITS1 amplification: 10 min at 958C and 55 cycles of denaturation at 948C for 30 s, annealing at 558C for 30 s, and extension at 728C for 30 s; a final extension at 728C for 10 min and an enzyme inactivation step at 958C for 10 min. The internal controls and DNA dyes (LC-green) were not included in the PCR amplification process.
HRM analysis
The internal controls and saturating DNA dyes (LC-green) were added to the PCR product and subjected to denaturation at 948C for 10 min on a PCR machine to ensure that the DNA dye completely combined with the double-stranded DNA. HRM analysis was then performed immediately on the LightScanner96 platform (Idaho, USA). The fluorescence intensity data were collected over the range of 55-958C at a thermal transition rate of 0.18C s
21
. Genotypes were identified based on the melting temperatures and are indicated as peaks on the plots generated by the LightScanner96 software. The following samples were used in the HRM identification: six adult oysters randomly selected from each of the two parental species; planktonic larva of SS (four individuals), of AA (eight), of SA (12) and of AS (20) at day 1 or 25 (isolated by capillary); spat obtained from the bucket wall in which the hybrids were cultured of SA (13) and of AS (only 10 individuals).
Identification of hybrids by sequencing
To further confirm the HRM result, one SA and one AS hybrid was chosen to be identified by partial ITS1 sequencing. Primers used for amplifying ITS1 sequences in genomic DNA of hybrids and PCR procedures were to the same as those of Xu et al. (2009 Xu et al. ( , 2011 . PCR products were isolated on a 3% agarose gel. The fragments were gel-extracted, cloned and sequenced with the Sanger sequencing platform (Sunny Biotechnology Co., Shanghai, China).
RESULTS
Fertilization, larval growth and survival
Asymmetry in cross-fertilization between C. sikamea (S) and C. angulata (A) was observed. The mean fertilization success of C. sikamea Â C. angulata (SA, female species listed first) amounted to 60%, while that of C. sikamea Â C. sikamea (SS) and C. angulata Â C. angulata (AA) reached 83% and 82%, respectively. The fertilization success of C. angulata Â C. sikamea (AS) crosses was 22% in one experiment (Table 1 : replicate 1), while this cross failed in three other experiments. Possibly, the fertilization success in these three experiments was too low to be detected with a sample of only 100 eggs. Indeed, in two out of the three experiments, the D-stage larvae at 24 hpf resulted in very low D-stage larval yields of 0.04% for replicate 3 and 0.02% for replicate 4, significantly lower than the average values of 49% for the SS group, 54% for the AA group and 38% for the SA group (Table 1) .
The average shell length and height of D-stage larvae at 24 hpf were 66.5 and 56.5 mm, respectively, for the SS groups.
For the SA crossing group, the average shell length and height were 66.7 and 56.9 mm, respectively, similar to its maternal species. For the AS crossing groups (data from replicates 3 and 4), the shell length and height were 73.3 and 61.7 mm, respectively, similar to its maternal species AA (74.8 and 63.8 mm, respectively, Table 2 ). The larval shell length and height of groups from the maternal C. angulata (AA and AS) were significantly larger than those of groups from the maternal C. sikamea. These results suggest that the maternal parent affects the early larval body size.
As replicate 1 of the AS cross was contaminated by exogenous gametes (see Genetic confirmation, below), the data on fertilization and the larval shell size at 24 hpf for this experimental group were excluded from all analyses. Furthermore, the larval growth and survival data on planktonic days were unavailable for all the AS groups, since very few AS hybrid larvae were obtained from experimental replicates 2 (no larvae obtained), 3 (c. 1240 larvae at day 1) and 4 (c. 700 larvae at day 1) and nearly all of them died on day 4. Larval growth and survival from other crossing groups were further analysed from days 1 to 25. The results indicated that the SA larvae grew larger than the larvae of their maternal species (SS) from day 13 onwards and were larger than both AA and SS larvae on day 22. However, the observed differences were not significant (P . 0.05). Survival rate in the SA group was higher than in the SS group, except for days 22 and 25 (Table 1) . Furthermore, the date on which metamorphosis-competent larvae were observed in the SA groups was commonly earlier than in SS and AA groups. These results suggest possible genetic improvements in larval growth through hybridization, as well as increases in early viability of the SA group. However, the AS group showed hybrid weakness, as indicated by the low fertilization success, hatchery yield and subsequent survival.
Genetic confirmation
Given that oysters inherit mitochondrial genetic material from their maternal parents (Obata et al., 2008; Hong, Sekino & Sato, 2012) , the mitochondrial COI gene was used to confirm the maternal parent species of the four crosses (SS, SA, AA, AS). The HRM curve of COI showed a single-peak for each of the four groups (SS, SA, AA, AS). The SS and SA groups showed the typical COI-HRM curve of C. sikamea as their mtDNA was from this species. Similarly, the AA and AS groups showed the typical COI-HRM curves of C. angulata (Fig. 1A) . ITS1 was used to confirm whether or not the genetic material of the offspring came from both parental species. The pure species (SS and AA) showed their typical single-peak ITS1-HRM curves, while the hybrids showed double-peak curves (Fig. 1B) . We then verified the offspring of the four crosses with the HRM method. The COI-HRM and ITS1-HRM curves of different types of offspring are shown in Figure 2 . The respective COI-HRM and ITS1-HRM curves ( Fig. 2A and B , respectively) are shown for three SA (green curves) and three AS (turquoise curves) offspring on day 1 from the replicate 4 experiment, as well as one of the maternal (C. sikamea, red) and paternal (C. angulata, blue) oysters. The results suggested that the 12 mature oysters used for hybridization were correctly identified by HRM analysis. Also the 12 planktonic larvae on day 1 or day 25 from the SA hybridization groups were correctly assigned, just as were 18 out of the 20 AS larvae. Most of these early offspring for both SA and AS are real hybrids. Figure 1C and D shows the respective COI-HRM and ITS1-HRM curves for six SA pediveligers on day 25 and two SA spat from the replicate 4 experiment, as well as one of the maternal (C. sikamea, red) and paternal (C. angulata, blue) oysters. The results indicated that the SA larvae successfully grew up to the spat stage, as two out of the 13 spat were identified as hybrids. Figure 1E and F shows the respective COI-HRM and ITS1-HRM identification results for 10 spat from replicate 1 of the AS crossing group. The single peak in the ITS1-HRM curve showed that the spats were not hybrids, but pure C. angulata. No spat from the AS group were identified as real hybrids.
To further confirm the validity of the HRM method, two types of partial ITS1 sequences were sequenced in an individual from each of the two hybrid groups (i.e. AS and SA). One sequence was consistent with the ITS1 sequence of C. angulata, the other was consistent with C. sikamea (Fig. 3) . These results confirm that there is bidirectional gametic compatibility between C. angulata and C. sikamea.
DISCUSSION
With the rapid development of molecular identification tools, genetic confirmation has become a reality when conducting hybridization study in oysters (Gaffney & Allen, 1993) . Since the number of genetically screened samples is usually limited, most studies are very cautious when drawing conclusions about the absence of natural hybrids or when suggesting reproductive isolation (Gaffney & Allen, 1993; Hedgecock et al., 1999) . Recently, one-way gametic incompatibility has been reported in some oyster hybridization studies, such as those between C. ariakensis and C. sikamea (Xu et al., 2009 ), between C. hongkongensis and C. gigas (Zhang et al., 2012) and between C. hongkongensis and C. ariakensis (Huo et al., 2013) . Caution must also be applied when considering the possible occurrence of low-frequency hybridization, which is difficult to detect in small-scale experiments or at small sampling sizes, because of the influence of environmental factors on hybridization success. To obtain more reliable results, there is a need for a more sensitive method to detect hybrids.
HRM analysis is sensitive and can distinguish single-site mutations in a sequence. For the COI-HRM analysis in this study, the amplicon lengths were the same, but the GC contents were significantly different between C. angulata (42%) and C. sikamea (38%) (Fig. 3) . The difference is highly conserved between the two species as shown in the sequence conservation analysis (the sequence logos in Fig. 4) , where nine and 24 COI sequences were used for C. angulata (KC683507.1, KC683501.1, KC683500.1, KC170323.1, JQ027306.1, JQ027307.1, JQ027308.1, FJ841965.1, EU672832.1) and C. sikamea (KC683505.1, KC683503.1, KC683502.1, FJ841966.1, KC683506.1, KC683504.1, JQ027289.1, JQ027288.1, EU672833.1, AY632568.1, HQ661017.1, HQ661016.1, HQ661014.1, HQ661010.1, HQ661019.1, HQ661018.1, HQ661015.1, HQ661011.1, EU007477.1, EU007478.1, EU007475.1, EU007476.1, EU007474.1, HQ661013.1) respectively. As the T m can be roughly evaluated by the Wallace rule (Wallace et al., 1979) 
where A þ T and G þ C are the total number of A/T and G/C, the T m of two sequences can be compared with this simple equation. The calculation results for the amplicons were 230 and 224 Table 1 . Fertilization success (F), percent yield of D-stage larvae from the total eggs 24 h post-fertilization (YD), cumulative survival of larvae from days 1 to 4 (S4), 7 (S7), 10 (S10), 13 (S13), 16 (S16), 19 (S19), 22 (S22) and 25 (S25) in 2 × 2 factorial crosses between Crassostrea sikamea (S) and C. angulata (A).
Group
Replicate Female species are listed first in group names. The mean and standard deviation (SD) are also shown.
Note: #, this replicate was contaminated by homospecific sperm, as verified by ITS1-HRM confirmation. Therefore, the data on fertilization (F, 22.46%) and D-stage larval yield (YD, 4.76%) are not be the real data for this AS group. Thus the survival success of larvae (S4 -S25) is not presented here. *, given that fertilization was too rare to be observed by the estimation method used in this study, no data for all AS groups could be obtained. However, hundreds of D-stage larvae were obtained 24 h post-insemination. Therefore, the yield of larvae was larger than zero. $, NA indicates unavailable data. Tukey's HSD was used for post-hoc comparisons among groups and the superscript letter beside the mean value indicates the comparison results of the characters in each column; a different letter shows significant difference of the mean between groups (P , 0.05).
for C. angulata and C. sikamea. Thus the T m of a C. angulata amplicon should be higher than that of a C. sikamea one, as shown in Figure 1A . Accordingly, the ITS1-HRM amplicons of C. angulata and C. sikamea are significantly different at the sites between the conserved AGCGCCTTGGGCCGTCGAA (ITS1-HRM forward primer, underlined in Fig. 3 ) and GCTCCGTCGCC TTAAGTACA (reverse primer, underlined and bold in Fig. 3 ). There were 9 bp deletions in the amplicon of C. angulata and there was a lower GC content (60%) compared with C. sikamea (66%). The calculation results of the evaluation equation were 150 and 186 for ITS amplicons of C. angulata and C. sikamea, respectively. As a result, the T m of a C. angulata amplicon should be lower than that of a C. sikamea one, as shown in Figure 1B . Because the hybrids have the amplicon types from both species, the ITS1-HRM curve showed double peaks at the characteristic positions of the two pure species. With the successful use of HRM analysis in detection of oyster hybrids in this study, the technique looks promising for future applications in molluscan aquaculture and breeding. Combined HRM analysis of multiple mitochondrial or nuclear sites can be used in parental identification. Crosses between different breeding lines can also be genetically confirmed with HRM analysis of line-specific SNP markers. Our novel HRM analysis method is both reliable and capable of higher throughput detection of hybrids than gel-based detection methods. The method showed high sensitivity and efficiency when applied to the planktonic larvae and parental oysters, since almost all of them were confirmed as expected. The ten Table 2 . Shell length of larvae on day 1 (L1), shell height of larvae on days 1 (H1), 4 (H4), 7 (H7), 10 (H10), 13 (H13), 16 (H16), 19 (H19), 22 (H22) and 25 (H25) in 2 × 2 factorial crosses between Crassostrea sikamea (S) and C. angulata (A). Female species are listed first in group names. The mean and standard deviation (SD) are also shown.
Notes: #, given that replicate 1 was contaminated, the average was calculated using data from replicates 3 and 4. The shell height on day 4 was not adequately estimated since only a few larvae remained and only several larvae were measured. $, NA indicates unavailable data. Tukey's HSD was used for post-hoc comparisons among groups and the superscript letter beside the mean value indicates the comparison result of the characters in each column; a different letter shows significant difference of the mean between groups (P , 0.05). Figure 1 . Curves of COI-HRM (A) and ITS1-HRM (B) for pure Crassostrea sikamea (red) and C. angulata (blue), as well as the hybrids C. angulata C Â C. sikamea F (AS, turquoise) and C. sikamea CÂ C. angulata F (SA, green). For the mitochondrial COI marker, which is maternally inherited, the curves show a single peak for all four groups. For the genomic ITS1 marker, the pure species showed single-peak curves, while the hybrids showed double-peak curves.
remaining AS spat that showed identical maternal curves differing from the hybrid curves possibly indicate that AS hybrids may be inviable in the spat stage. Hence, the spat from the bucket wall were possibly pure species contaminations introduced during, e.g. the seawater exchange. At the same time, a low proportion of SA spat (2/13) showed hybrid HRM curve patterns, while the other 11 spat showed pure-species or unknown HRM curve patterns. This may be the result of exogenous contamination or low DNA template quality. This is possible since we extracted the DNA from spat by grabbing a small piece of tissue and boiling it at 958C for 30 min in 20 ml of ultrapure water. To do so, the piece of tissue must be as small as possible. Indeed, too much tissue will make the protein level very high, which may influence the PCR and HRM analysis. The unknown HRM curve pattern may be the result of low DNA template quality. The HRM-analysis method was successfully used to detect rare occurrences of hybridization between C. angulata and C. sikamea. Crassostrea sikamea cannot fertilize the eggs of C. gigas (Banks et al., 1994) , although the latter is considered to be a subspecies of C. angulata (Wang et al., 2010) . The hybridization between C. sikamea and C. angulata requires further study to evaluate the possibility of survival of interspecific hybrids in an oceanic environment. Low-frequency fertilization between the sperm of C. sikamea and the eggs of C. angulata was detected in the present study. One experiment among four replicates failed to produce hybrids. Another resulted in a relatively high fertilization success of 22%, but the larvae were non-hybrids. These results suggested that C. sikamea sperm has only limited capacity to fertilize C. angulata eggs or that the early development of an AS cross may experience difficulties. The relatively high fertilization success (22%) in replicate 1 may be attributed to homospecific egg contamination, low levels of homospecific sperm contamination, or variations in fertilization ability among different individuals. As the larval shell size at day 1 was similar to that of pure C. angulata, and as the ITS1-HRM analysis confirmed a pure C. angulata background, this AS group could be a result of sperm contamination from the same species, i.e. C. angulata. While no fertilization was observed in two other replicates, hundreds of D-stage larvae were collected by filtration of the seawater in which they were cultured. These larvae were hybrids, but the larval yields from eggs were as low as 0.04% and 0.02%. Nearly all of the hybrids died as early as day 4. These results indicated incomplete gametic isolation between C. sikamea and C. angulata. While hybrids between the eggs of C. angulata and the sperm of C. sikamea showed limited hybridization, hybrids between the eggs of C. sikamea and the sperm of C. angulata produced normal larvae and survived into spat. Although adult hybrids have not been obtained, the hybrids showed slightly higher growth rates and survival success during the swimming larval stage when subjected to an artificial environment. Considering the successful detection of natural hybrids between C. sikamea and C. gigas in the Korean Sea (Hong, Sekino & Sato, 2012 ), the present results indicate possible hybridization between C. sikamea and C. COI-HRM (A) and ITS1-HRM (B) curves for three SA and three AS offspring on day 1 from the replicate 4 experiment, as well as one of the maternal (Crassostrea sikamea, red) and paternal (C. angulata, blue) oysters. The results indicate that these early offspring for both SA and AS are hybrids. COI-HRM (C) and ITS1-HRM (D) curves for six SA pediveligers on day 25 and two SA spat from the replicate 4 experiment, as well as one of the maternal (C. sikamea, red) and paternal (C. angulata, blue) oysters. The results indicate that all of the SA offspring are hybrids. E and F show the respective COI-HRM (E) and ITS1-HRM (F) identification results for 10 spat from replicate 1 of the AS cross group. A single peak in the ITS1-HRM curve showed that the spat were not hybrids, but pure C. angulata.
angulata in a natural marine environment. Furthermore, the results demonstrate a powerful method for identifying hybridization in commercial oysters, in which genetic improvement by means of hybridization may be important. The sequence logos were shown besides the sequences. The y-axis is the information content measured in bits. The symbols height within the stack indicates the relative frequency of each nucleotide. The amplicons were highly conserved except that there were low frequencies of SNPs at 12 and 32 position for C. sikamea sequences. The interspecifically different sites were 100% conserved among the sequences from each species, and are shown in different background colours. Crassostrea angulata-specific nucleotides are shown in turquoise, while C. sikamea-specific nucleotides are shown in purple.
